Abstract Neofabraea actinidiae (syn. Cryptosporiopsis actinidiae) is a member of a suite of fungi associated with 'ripe rots' of kiwifruit. Although it has been recorded regularly from kiwifruit in New Zealand over the past 30-40 years, initially as 'Cryptosporiopsis sp. ' , there is a general lack of knowledge of this fungus. This paper provides a review of the current records and available literature on the taxonomy and biology of the organism, and assesses the knowledge gaps in the disease cycle and epidemiology of N. actinidiae in kiwifruit orchards. The conidia of the fungus are likely to be water borne, infect fruit during or near to flowering, and remain latent until harvest and subsequent ripening. The source of inoculum remains unknown. This review may stimulate new research into this pathogen and give insights into potential control strategies.
INTRODUCTION
Neofabraea actinidiae (syn. Cryptosporiopsis actinidiae) is a member of a suite of fungi associated with 'ripe rots' of kiwifruit (Actinidia spp.). It was first recorded in New Zealand as Myxosporium sp. by Ford (1971) and was subsequently referred to as Cryptosporiopsis sp. for many years (Hawthorne et al. 1982; Pennycook 1985) until being formally described as Cryptosporiopsis actinidiae in 2004 (Johnston et al. 2004) .
Cryptosporiopsis anamorphs were previously recorded for several teleomorph genera, namely Neofabraea and Pezicula (Johnston et al. 2014) . However, all Cryptosporiopsis species assumed the relevant teleomorph genus name following the 'one fungus, one name' classification of Norvell (2011) . For 'Cryptosporiopsis' actinidiae, DNA sequencing has suggested a Neofabraea teleomorph (Johnston et al. 2014) , although this has yet to be found, either in culture or in nature. Beever & Parkes (2007) examined vegetative compatibility groups (VCG) in the N. actinidiae anamorph using nitrate non-utilising (Nit) mutants, finding 18 groups from 28 strains. The authors concluded that this was consistent with the re-assortment of five VCG genes during sexual recombination, which suggests that the teleomorph is a part of the disease cycle.
Neofabraea actinidiae has been recorded regularly from postharvest fruit rots of kiwifruit in New Zealand over the past 30-40 years yet there are substantial gaps in the knowledge of this fungus. In addition, many of the records in New Zealand are to be found in the 'grey' literature, e.g. unpublished reports and records, and culture collections that are unable to be accessed from outside specific institutions. This paper provides a review of the published literature and available unpublished records on the taxonomy and biology of the organism, and assesses the knowledge gaps in the disease cycle and epidemiology of N. actinidiae in kiwifruit orchards.
Cultural characteristics
On potato dextrose agar (PDA), the fungus is relatively slow growing, reaching 45-50 mm in diameter after 2 weeks at c. 20 o C (Johnston et al. 2004) . At first, the young colonies are colourless but soon develop a conspicuous orange to bright red colourationa that often fades to pink or grey as the cultures age (Tyson pers. obs.). This colour distinguishes it from other 'Cryptosporiopsis' species with Neofabraea teleomorphs such as N. malicorticis (Johnston et al. 2004) . The surface of the colony is covered by a glistening, slimy mass of spores. No distinct conidiomata are formed in culture, the conidia being produced on branched conidiophores developing directly from surface hyphae. Conidia are fusiform to ellipsoidal (6) 9-12 (-15) x 4-5 µm, although often variable in shape. In older colonies, some conidia contain a bright orange or red pigment (Fullerton & Tyson unpublished 
Disease symptoms on kiwifruit
Neofabraea actinidiae is known to cause ripe rots in the green kiwifruit cultivar, Actinidia chinensis var. deliciosa 'Hayward' . Rots have occasionally been found on fruit still in storage (Brook 1991) , but the fungus does not normally cause rots until 'Hayward' fruit are over-ripe. The occasional severe losses of 'Hayward' fruit in storage have been attributed to the triggering of aggressive rot development by less-than-ideal storage conditions a . When controlled atmosphere (CA) storage (2% O 2 + 5% CO 2 ) was trialled in the early 1990s, up to 4% of the fruit developed fungal pitting, with N. actinidiae being associated with over 90% of pits (Manning & Lallu 1997) . The evidence of an increase in cryptosporiopsis ripe rots under CA conditions supported earlier views that its development in storage was promoted by factors that adversely affected the physiology of the fruit a . Despite the adverse effects of storage under CA conditions, and occasional losses in conventional storage, N. actinidiae remained a relatively minor pathogen of stored kiwifruit (Brook 1991) until the commercial release of the goldfleshed cultivar, Actinidia chinensis var. chinensis 'Hort16A' . With 'Hort16A' fruit, significant losses to fungal pitting (very characteristic small, sunken lesions) and body rots have been sustained after 12 weeks of coolstorage. Neofabraea actinidiae and Phomopsis spp. have been found to be the main pathogens associated with this damage Johnston et al. 2004; Manning et al. 2016) . Normally no symptoms are expressed on unripe fruit of 'Hort16A' . As the fruit ripen, the first symptoms appear as small red-brown or black flecks on the body of the fruit, characteristically centred on lenticels, each producing a typical 'lenticel spot' . The flecks enlarge to produce depressed brown lesions 5-10 mm or more in diameter. When the skin of the fruit is removed, the underlying tissues have a dehydrated appearance and are light orange in colour a . Symptoms occur mostly on the sides of the fruit, although the organism may sometimes be associated with blossom end rots and, to a lesser extent, with stem end rots (Manning & Lallu 1997) . Under conditions of heavy infection, lesions can coalesce to form extensive rots on the sides of the fruit. In New Zealand, this cultivar has now been largely removed due to its susceptibility to kiwifruit canker caused by Pseudomonas syringae pv. actinidiae (Psa).
Several new cultivars of kiwifruit, including Actinidia chinensis var. chinensis 'Zesy002' (commonly known as Gold3), are now being grown commercially in New Zealand since the incursion of Psa; there is little data on the susceptibility of these to N. actinidiae as yet.
Biology of the pathogen Host range and geographical distribution
Neofabraea actinidiae (as Myxosporium sp.) was first recorded in New Zealand from Actinidia sp. by Ford (1971) . Over the period 1971-2003 it was thought to have a limited host and geographic range, with no new hosts being recorded. More recent New Zealand records of N. actinidiae have come from orchards, and from native forests (Johnston et al. 2004; Joshee et al. 2009 ). In addition, the pathogen has now been identified from 17 host plant species, in 9 plant families (all woody plants) and has been recorded in Australasia, Asia, Europe and South America. All known records are listed in Table 1 . It is worth noting that a wide host range sometimes reflects a genetically diverse species and this is an area where further work is required.
Biology and epidemiology in kiwifruit
There is very little published information on the aetiology of the disease on kiwifruit and the habitat of the fungus within kiwifruit orchards, apart from in infected fruit, is unknown.
In-field infection studies of 'Hort16A' using Nit mutants have suggested that N. actinidiae predominantly infects the developing fruit during flowering, with a small percentage of infections occurring over the following months. The fungus then survives endophytically in the skin during fruit development (Fullerton et al. 2007 ).
Johnston (1994) did not detect N. actinidiae in a survey of healthy 4-, 8-, 12-and 24-month-old vine tissue (xylem, bark and leaves) of 'Hayward' . In a separate study of the fungal species most consistently associated with ripe rots of kiwifruit (Phomopsis spp., N. actinidiae and Botryosphaeria spp.), the relative incidence of each fungus within the canopy and surroundings was examined. Dead plant material was taken from the canopies of kiwifruit vines (bark from the trunk, residual fruit peduncles, pruning stubs), pruning remnants on the orchard floor, and from the surrounding shelterbelt species (bamboo, casuarina, cryptomeria, poplar, willow). In that study, N. actinidiae was not found in any of the material examined .
In New Zealand, N. actinidiae has been very infrequently detected in the wood of mature vines of 'Hayward' in Northland (Tyson & Manning, unpublished data), and in trunks of 'Hort16A' b,c and 'Hayward' in the Bay of Plenty (Tyson, unpublished data). These unpublished records are all from vines suffering from 'vine decline' of various forms and as the detections of N. actinidiae within those vines were of far lesser frequency than other well-known pathogens, it is likely that it was a secondary coloniser. In Italy, N. actinidiae was isolated from leaders (main branches) showing swelling and dieback in one of five kiwifruit orchards that were displaying these symptoms (Riccioni et al. 2007 ). Cadophora luteoolivacea was the most commonly isolated fungus from these symptoms (all orchards) so it is likely that N. actinidiae was incidental and did not play an active role in causing those symptoms.
In laboratory infection trials, Hawthorne and Otto (1986) found that N. actinidiae was able to invade inoculated wounds on leaves of A. chinensis var. deliciosa and caused necrosis in c. 3-95% of these. Results were highly variable across different experiments. For the suite of fungi tested, which also included Phomopsis and Botryosphaeria spp., it was noted that older leaves had more necrotic lesions than young leaves.
Management strategies
Without knowledge of the basic biology of the N. actinidiae/Actinidia spp. pathosystem it is not possible to identify effective control strategies for this disease.
In vitro studies have shown the pathogen is highly susceptible (EC 50 <1 mg/L) to thiophanate methyl, pyrimethanil and triflumizole (Bogo et al. 2018 ) but restrictions on the application of fungicides to fruit after flowering eliminates this as a management option in New Zealand kiwifruit.
The application of pre-harvest elicitors to kiwifruit was studied by Wurms et al. (2011) . In particular, salicylic acid reduced the incidence of N. actinidiae ripe rots by 50-75% in highly susceptible 'Hort16A' kiwifruit. This has some potential for commercial uptake, as a systemic acquired resistance elicitor (Actigard™) is currently registered for reducing the symptoms of Psa in New Zealand (AgriMedia Ltd 2019) .
The use of the kiwifruit-sourced volatiles, (E)-2-hexenal and ethyl hexanoate, for disease control was also investigated by Wurms et al. (2011) . When used at 6mg/Petri plate, these inhibited N. actinidiae growth in vitro for 12 days. However, although both these volatiles reduced N. actinidiae rot when tested in a storage trial, they enhanced early ripening and induced physiological breakdown of the fruit surface, leading to increased incidence of Phomopsis spp. side rots.
Lessons from Neofabraea malicorticis, N. perennans and N. alba (bull's eye rot of apple Malus x domestica) Information was sought on the biology of other Neofabraea species affecting perennial fruit crops due to the lack of information on the disease cycle of N. actinidiae within kiwifruit orchards.
Neofabraea malicorticis (syn. C. curvispora) and N. perennans (syn. C. perennans) are genetically the closest species to N. actinidiae (Pesicova et al. 2017) . However, reference to biological studies on these two apple pathogens reveals few similarities between the diseases on apples and that on kiwifruit. On apple, N. malicorticis penetrates directly though uninjured wood (Dugan et al. 1993 ) to form distinctive 'fiddlestick' cankers on limbs. The cankers normally expand over only one season, although sporulation from a canker may persist for up to 3 years (Dugan et al. 1993) . Neofabraea perennans requires wounds to enter the host plant and the resulting cankers enlarge over successive years (Henriquez et al. 2006) .
Both species form creamy coloured spore masses on erumpent acervuli on cankers. The symptoms on fruit, commonly called bull's-eye rot, appear as circular, flat or slightly depressed lesions up to 25 mm in diameter, with a dark brown margin and a light brown or tan centre. The production of acervuli on apples infected by N. malicorticis and N. perennans is induced by chilling (Dugan et al. 1993) . Cream coloured spore masses form on numerous acervuli concentrically arranged in the centres of older lesions (Spotts 2014) . The fungi perennate on cankers and fallen fruit (Grove et al. 1992; Dugan et al. 1993) . The teleomorph rarely forms on apple. When present they develop within the stroma of old acervuli.
Another closely related fungus, Neofabraea alba (syn. Phlyctema vagabunda) is the most common pathogen causing bull's eye rot of apple in New Zealand (Johnston et al. 2005) . In contrast to N. perennans and N. malicorticis, this pathogen does not form cankers in apple trees, instead saprotrophically invades pruning wounds, dead bark and cankers caused by other pathogens (Henriquez et al. 2006) . Conidia infect fruit late in the season and rots form after several months in coolstore (Everett et al., unpublished data). Bull's eye rot lesions caused by N. alba on apples are similar in appearance to those caused by N. perennans and N. malicorticis. Lesions are tan to light brown, circular when affecting the side of the fruit, with well-defined margins, and alternating light and dark tissue. Conidiomata can be found in old lesions (Soto-Alvear et al. 2013) . Neofabraea alba can also infect through the side of the stem to cause a stem-end rot, which can eventually invade the core (Spotts 2014) . As with N. actinidiae in kiwifruit orchards, there are gaps in the knowledge of the disease cycle and epidemiology of N. alba in apple orchards.
On kiwifruit, stem cankers are not formed by N. actinidiae and no spore-bearing structures have been found on vine trunks or canes, or on adjacent shelterbelt species. Unlike the diseases of apples, no fruiting bodies are formed on fruit rots either during or after cold storage, although spores have been observed within the internal necrotic tissues of fruit lesions (Fullerton, unpublished data) . The natural ecological niche of the fungus in or around kiwifruit orchards remains unknown.
Differences in the pathosystems between Neofabraea malicorticis, N. perennans and N. alba in apple orchards and N. actinidiae in kiwifruit mean that biological information based on apple is currently of limited assistance in providing an understanding of the biological and phenological interactions of N. actinidiae with kiwifruit.
Knowledge gaps
There are gaps in knowledge regarding the disease cycle and epidemiology N. actinidiae in kiwifruit orchards. Inoculum source(s) and the mode of inoculum dispersal (wind, rain) remain unknown. There can be many rots or lenticel spots on a single fruit, which indicates a significant source of inoculum somewhere within an orchard. The pathogen has been occasionally found inside trunks and fruit stems of kiwifruit but no conidiomata or ascomata have ever been found on the vines. One possibility is that ascomata form on leaf litter and old dropped fruit, then release airborne ascospores during spring. Ascospores have never been found in New Zealand, which represents a large gap in the understanding of the disease cycle.
The timing of fruit infection by N. actinidiae needs to be studied further. The work of Fullerton et al. (2007) using Nit mutants was confined to three inoculation times (October, December and January). This work could be expanded to clarify infection behaviour over the entire fruit growing season and determine whether infections continue to accumulate over time.
The role of environmental factors on fruit infection and rot expression needs to be identified, as does the mechanism by which CA storage exacerbates rot formation.
A number of questions remain partially or completely unanswered: -Does the occasional presence in the trunks of kiwifruit vines have any epidemiological significance, or is it taking advantage of other 'vine decline' organisms? -What other plant species in the kiwifruit orchard environment are hosts for N. actinidiae and are conidiomata or ascomata formed on these? -Is N. actinidiae actually a species complex?
Worldwide, this fungus has a large host range and distribution (although there are very few records; Table 1 ). -There has been no pathogenicity testing of N. actinidiae isolates across the host range. Are the various isolates host-specific, or are isolates from other reported hosts (e.g. apple, Eucalyptus) also pathogenic on kiwifruit? Considerably more work is required on N. actinidiae in order to understand the disease cycle and increase the available knowledge to a level that can then be used for targeted management strategies.
